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THREE-DIKNSIONAL TNEM4L-HYDRAULIC

CALCULATIONS USING SCLA-PTS

Bart J. Daly and Martin D. Torrey
Theoretical Division, Group T-3
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

The transient, three-dimensional SOLA-PTS code has been used to study

the thermal-hydraulic mixing of HPI and ambient fluids in the cold leg and

riowncomerwith application to the pressurized thermal-shock problem. Com-

parisons of calculated results with l/5th-scale experimental data are pre-

sented and shown to be in good agreement. Also shown are results obtained

at full scale for a Combustion Cngil)eering plant following an assumed main-

streamline-break accident,



I. INTRODUCTION

When emergency core coolant fluid is injected into a pressurized water

reactor as a ~onsequence of a reactor accident, the reactor vessel w~ll may

be cooled sufficiently to cause crack propagation in the metal. The like-

lihood of crack propagation increases with reactor age as a result of neu-

tron flux weakening of the wall material, particularly the weldments. The

analysis of crack growth, given the wall temperature and fluid pressure

histories, is a fracture mechanics problem. The determination of the tem-

perature and pressure histories requires a transient solution for the

fluid-thermal mixing throughout the primary, and possibly secondary, sys-

tems using a systems code, such as TRACi or RELAP5Z. However, these sys-

tems code cal~’!latians are of necessity coarsely noded, so that they cannot

compute the details of tne fluid-thermal mixing in the cold legs and down-

comer of the reactor. Therefore, these systems studies must be supplemen-

ted by finer-zoned, multidimensional calculations that can compute the mix-

ing in the cold legs and downcomer and the resulting fluid temperature in

the immediate vicinity of the vessel wcldments.

The SOLA-PT5 COdC7 is a transient, three-dimensional, single-phase,

incomprcssil)le numerical schcmc that was designed to perform these rlctailcd

mixing calculations. The calculations, while efficient, ~rc ncvcrthcless

lctlgthy, so th~y arc only performed at isolated times during a transient

when the systems code s~lution indirntcs a potential for significant cool-

ing of the vessel wall. Then, Ils:ngthe systems code values of t’lw rates

and fluid tcmpcraturcs as bounliary conditions at all cntrancgs tn the cold

leg and downcomvr, a SOl.A-PTS calculation is performed, Thr results of



this calculation provide more realistlc values of the flu-idtemperature at

vessel weldments than can be obt.alnedwi th the systems code.

Section II prov~des a brief description of the SOLA-PTS code. Compar-

isons of calculated resul ts with experimental da+a from Creare R&D, Inc.4

are presented in Sec. 111. Section IV is concerned with the application of

the method to a specific reactor geometry.

11. THE !UJMERICAL METHOD

The SOLA-PTS code has been described previously and will be documen-

ted more completely in a forthcoming paper, so only a brief general de-

scription is provided here.

The SOLA-PTS algorithm involves the solution of the continuity equa-

tion and transport equations for momentum, fluid temperature, turbulence

energy k, turbulence energy decay rate c, and the square uf the fluctuating

temperature field T’;. These transport equations are solved using the

second-order Tensor Viscosity methods, which Is supplemented by the Filter-

ing Remedy and Methodology (FRAM)r’procedure for reducing dispersion er-

rors. A prcconditioncci Conjugate Residual iteration scheme’, which permits

rapid convergence, Is used to compute the pressure field.

A thermnl [flffusion equation for the metal Is also Included in the

model, but it has not I]ccnemployed in the examples prcscntcd irlthis

pilpcr, In which an arlfal)aticwall treatment has been used.

Two different turl)ulcnccmodels arc uscclin SOLA-PTS to rcprcscnt the

diffusion of momcnturn and heat, In buoyant jet rcgicns, such as the 111)1

Inlet and tl)cdowncomcr, the three equation k-l-~m model of Chen and Ro(ll”

is used, while in the cold leg pipe away from ttlr }11’1 tlllC!L the Laun(lcr-

‘ip~ldlnq k-l moricl” 1s used, The usc of thp Cbcn and Rodl model produces



rwch more mixing of warm ambient fluid with the cold HPI fluid than is ob-

tained with the Launder-Spaldlng model. As will be shown In the examples

presented below, this Increased mixing results In excellent agreemnt be-

tween the calculated temperatures and e~.perimental thermocouple data.

The cold leg, dcwncomer, lower plenum, and core are treated as a

single flow region In SOLA-PTS, with the cold leg modeled as a square duct

In this rectangular coordinate system, A variable computation mesh is

used, with fine zoning near the HPI inlet and the junction of the cold leg

and dow~comer, and relatively coarser zoning elsewhere. Consistent with

the variable computation mesh, all advection terms in the transport equa-

tions are difference in nonconservative form to ins’4re the maintenance of

a higher-order accurate numerical algorithm. The accuracy of this scheme

is controlled by requiring that the net flow tllrougnvarious planes in the

computation region agree within one per cent. Computational accuracy can

he improved by decreasing the press~re iteration convergence criter~on.

III. EXPERIMENTAL CO!4PAl{ISO14S

Sf)LA-PTS calculations have been performed t~ compare with l/5th scale

experimental data obtained by Creare R&D, Inc.” Various Crcare tests have

hccn carried out to examine thermal-hydraulic nlixing In a cold leg and

downcomer for geometries that approximately moriclWestinghouse, I’)ahcoc!{anll

Wilcox, and Coml~ustlon Enginccrlng designs. We prcsont comparlsnn~ of cal-

culated results with Crcarc (Inta” for test 50, which usml a Combustion

Engineering-type dcslgn and cxilmlncd the flow of 1{1)1flufd at 04”F into

stdgnant amhicnt fluid at approximately 150°F’. The IIP1 fluld was Injcctcd

~t 4.()gal/rein throuflha 2 inch id. plpc mounted at a 60” anqlc to a 5.625

Inch id. cold lcg plpc. Thormocouplrs wore located along the bottom of



the cold leg, on several racks spannfng the cold leg, and throughout the

downcomer.

Figure 1 shows a velocity vector plot in a vertical plane through the

centerline of the cold leg. The large vertical vectors in the cold leg in-

dicate the HPI fluid entering the cold leg. This HPI fluid, which has been

warmed by mixing at the injection region, flows along the bottom of the

cold leg to the downcomer where It bridges the gap to impact on the core

barrel wall. It then falls under gravity to the bottom of the downcomer,

and flows through the lower plenum to the core. The volume of fluid exit-

ing from the top of the core exactly matches that entering at the HPI in-

let. Return warm water flows from the downcomer along the top of the cold

leg to mix with the HPI fluid at the injection region.

Each velocity vector in Fig. 1 corresponds to a SOLA-PTS computation

cel1. Thus, this figure gives an Indication of the mesh resolution in the

calculation, which is finest at the cold leg-downcomer junction and at the

I{PIinlet, and coarsest at the ctldof the cold leg and in the core. Notice

the expansion of the downcomer gap below the cold leg junction.

A velocity vector plot in a horizontal plane through the bottom of the

cold leg is shown in Fig. 2. Noticp t}leimpacticn point below the 111’1in-

jection port and the spreading of the flow upstream and downstream from

this point. When the fluid reaches the downconwr, it spreads asymmetrical-

ly with the qrcatcst flow away from the hot leq obstruction, whic!l occllpics

the region without vectors on the right side of the downcorncr. A corre-

sponding velocity vector plot in a horizontal plane through the top of the

cold leg would show that the warm wat,er return flow into the cold leg en-

ters from tlm hot leg side. These flow patterns arc controlled by the flow



circulations that develop in the downcomer as a consequence of buoyancy and

convective forces.

Figures 3-12 show comparisons of mlculated and experimental tempera-

ture measurements during the first 200 sec of the test. The schematic in-

set in each figure shows the location of the thermocouple. Figure 3 shows

the temperature of fluid that has splashed upstream from theHPI inlet

along the bottom of the cold leg. The calculated results are in excellent

agreement with the data throughout the transient. Notice that the fluid

temperature in the calculation is 15(J”F initially; this value was used

throughout the Fluid. However, the initial temperature in the experlmnt

varied from 14fl”F to 152”F, so there will be some discrepancies between

calculation and experiment in the starting values.

The most rapid temperature drop occurs directly below the HPI injec-

tion port as sho~ilin Fig. 4. The experimental data are highly oscillatory

because of the turbulent nature of the flow in this region and the unstable

temperature f{eld bclw the inlet. Of course, the turbulenr oscillations

cannot be reproduced in the calculation, which resolves the turbulence only

in an average seise. Again, the calculation and the experimt?nt are in ex-

cellent agre~ml?nt, although the calculation shows a slightly cooler temper-

ature at late times. This good agreement persists in the cold leg, as

showc in Fig. 5 for a point zpproxiwately midway bctweun the IIPI inlet and

the downcomcr.

Figures 6-10 show comparisons of the calculated and experimental re-

sults at uniform intervals across the cold leg at a point near the down-

comcr junction. For thcrnmcouplc locations such as thc<c that are not lo-

cated on the fold leg wall, an adjustment must be made to account for the



square cross section of the cold leg in the calculat~on. We do this by in-

terpolating the temperature to a height that is proportional to the center

of area of the measurement in the experiment.

The calculated ~nd experimental plots in Figs. 6-10 show a strong tem-

perature gradient across the cold leg. The results are in good agreement,

except in Fig. 8 where the thermocouple is located in the middle of the

cold leg. The calculated value is in the cold fluid region while the ex-

peri.iientalmeasurement is in the upper hotter fluid. It is clear from the

large oscillations in the experimental data that this thermocouple is lo-

cated very close to the thermal interface. However, it also appears that

the cold fluid layer is thicker in the calculations than in the experi-

ments. This is consistent with the slightly greater travel time of the

cold layer in the calculations as shown by the later arrival time in

Fig. 6.

Figures 11

below the junct

respectively. :

and 12 show the fluid temperatures in the downcomer just

on with the c~ld leg on the vessel and core barrel walls,

n both figures, the calculation and experiment are in qood

agreement, although the experimental rlat~exhibit large turbulent fluctua-

tions that ars averaged out hy the turbulence model in the calculation. A

comparison of the two figures shows a qualitative difference in the temper-

ature history at the two locations, On the core barrel wall there is a

large initfal temperature drop followed by a steady decline, wh{ch is in-

terrupted by some short-lived temperature fluctuations after 140 scc in the

experimental plot.

pcrature drop, but

decline. This ind

On the vessel side, Fig. 11, there is an Initial tem-

thelta temperature recovery bfore the gradual thermal

cates a :“elativcly greater buoyant mixing on thi’vessel



side due to the smaller inertial forces and lower pressure there. This

asymmetrical cooling gradually decreases with depth in the downcomer. Near

the bottom of the downcomer the temperature transients are similar in ap-

pearance; they both exhibit an initial temperature drop, followed by a re-

covery, and then a gradual thermal decline.

IV. PLANT SPECIFIC APPLICATION

We have applied the SOLA-PTS code to the analysis of fluid-thermal

mixing for the Calvert Cliffs 1 plant, using data obtained in a TRAC calcu-

lationlo for the specification of boundary conditions. Calvert Cliffs 1 is

a Combustion Engineering plant of a design that is similar to the l/5th

scale Creare experiment for which comparisons have been presented above.

The TRAC study examined the transient consequences of a postulated main

streamline break from hot zero power. The results of the TRAC calculation

showed that there was no loop flow into the intact cold legs after about

300 sec following the streamline break. Since there is significant HPI and

charging flow into the cold legs during the time period 150-80G see, the

potential for significant cooling of the vessel wall does exist for this

assumed scenario. !iowevcr, this cooling tendency may be offset by the fact

that.a small, but not insignificant, flow is maintained on the broken loop

side. Indeed, the TRAC calculationl~ shows that, because of this broken

loop flow, th~ downcomer temperature does not drop below 250”F, except for

d :Jri(!f oscillation.”

As a first step in a detailed analysis of these flow conditions, WC?

:Iavcused the SOLA-PTS codc3 to examine three-dimensional !uteractions at

305 sec into the transient for a 90° section of the downcomcr OP the intact

loop side. At this time, the TRAC calculation showed that IIPIfluid was

flowinn into the cold leg at a rate of 13.09 kg/s and at a temperature of



285.9K (55°F), the charging flow was 4.15 kg/s at a temperature of 302.6K

(85”F), and the average temperature in the downconwr and cold leg was ap-

proximately 443.7K (339”F). These conditions were used to set the boundary

conditions for the SOLA-PTS calculation. We plan to perform additional

calculations in which the inlet flow rates and temperatures are varied in

accordance with the TRAC calculations for 90° and 180° segmnts of the

downcomer to examine transient and azimuthal mixing effects. However, this

first calculation with steady boundary conditions corresponds more directly

with the Creare experimental conditions, so we can examine the consistency

of the calcu’

sons.

Figures

ated results w“th those obtained for the l/5th scale compari-

13-15 show the temperatures measured at vessel weld locations

cold leg and at locations displaced 13 cm azi-below the centerline of the

muthally on each side of the centerline. These locations correspond ap-

proximately to that of thermocouple 7 of the l/5th scale study shown in

Fig. 11. As in that figure, the temperatures in Figs. 13-15 show an ini-

tial drop when the cool water from the cold leg reaches that location, then

a temperature recovery followed by a gradual thermal decline. These fig-

ures indicate that the cold water flow is not symmetric al~out the cold leg

centerline, and this trend is also apparent in the l/5th scale data and

calculations. Thus, th~se full scale calculations are consistent with the

small scale results. The thermal decay rate following the temperature re-

covery in Figs. 13-15 is approximately 0.4”F/sec. However, it must be em--

phasizcd that these results were obtained in a calculation that neglected

transient and azimuthal mixing effects, and therefore are probdbly conserv-

ative. In addit+on, this postulated accident scenario neglects operator

intervention.



Figure 16 shows a velocity vector plot at an early time in a transient

calculation for a 180” downcomr segment. We will examine the detailed

mixing of HPI and charging flows with the ambient fluid in the intact cold

leg, but will assume thorough mixing in the broken loop cold leg. This as-

sumption is justified by the fact that the broken loop flow rate is approx-

imately an order of magnitude greater than that of the combined HPI and

charging flows. Also, since the fluid temperature in the cold leg on the

brokec loop side !s greater than the downcomer temperature, we assure that

there is no countercurrent flow in that cold leg and inject the thoroughly

mixed cold leg flow directly into the downcomer. This appears as the high

velocity flow at the left of the figure. Calculations for this 180” down-

comer segment are in progress at the present time.
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Fig, 1. A velocity vector plot in a vertfcal plane through the ccntcrlfnc
of the cold leq. From left to right the flow regions are the core, the
downcomcr and ?ower plenLm, and the cold leg. The large vertical vector:,
il]the cold leg show thcHPI fluid entering the cold leg. In this zero
loop flow problem the HP1 flow separates when it impacts nn the bottom of
the cold leg; part flows upstream in a circulating flmv and part flows
downstream toward the downcomer. The flow from the cold leg jumps tho
downcor,lergap to impact on the core barrel wall.
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Fig. 2, A vcloclty vector plot In a horizontal plane through the bottom of
the cold leg. Note the Impact region of the HP1 flew. The fluid flows in-
to the downcomcr In an asymmetric fashlcn with the principal flow In this
plane being In a dlrcctlon away from the hot leg obstacle, which occuplcs
the rcglon without vectors at the r,ght sldc of the figure.
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Fig. 3. A comparison of calculated (the llnc with the datum points) and
experimental temperature measurements t’orCrcarc test 50 at thermocouple
33, which Is located at the bottom of the cold lcq, on the centcrllnc, up-
stream froll~the HPI I,,joctlon plpc,
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Fig, 4, A comp~ri son of calculated (the lint,with the datum points) and
cxpcrlrncntal temperature measurement.s for Crc~re test 50 at thcrmcouplc
34, which Is locatcrlat the bottom of the cold leg, cn the ccntcrllt]c,
directly Ilndcr tho IIPI Injcctlon pipe, The cxperlmcntal data is highly os-
ctllntory hcrausc of the turbulent nature of the flow in this wcglon ~nd
the unstfiblc tcmpcraturc field bclm the inlet.
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F’1(-J.5. A comparison of calculated (the llnc with the datum points) and
cxpcrimcntal temperature measurements for Crearc test 50 at thcrrnocouplc
36, which Is located at the bottom of the cold lcq, on the ccnterlinc,
downstream from the IIP1 Injcctlon plpc.
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Flq. 6. A comparison of calculated (tho line with the datum points) and
cxperlmcntal tem~lorature measurements for Crcarc test 50 at thermocouple 1,
which Is located 1,0 cm ahovc the bottcm of the ~nld leg, on the ccntcr-
linc, and 12.0 cm from the Juncture with the downcomcr.
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Fig, 7. A c’~mparison of calculated (tileline with the datum points) and
cxpcrluwrttal temperature mcasurcrnents for Crcare test 50 at thermocouple 2,
which Is located 4,(’)cm above the bottom of the cold l-g, on the ccntcr-
linc, and 12.0 cIn from thr!juncture with the downcomcr.
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Fig. 0. A comparison of calculated (the line with the datum points) and
experimental temperature measurements for Creare test 50 at thermocouple 3,
which Is located 4.0 cm above the bottom of the cold leg, on the ccntcr-
llne, and 12.0 cm from the juncture with the chincomer, This thermocouple
Is at the middle of the cold leg pipe. The calculated mcasurcmcnt Is in
the cold fluld region, while the expcrim~ntal measurement Is In the upper
hotter fluid.
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Fig. 9. A comparison of cnlculatcd (the llne with the datum points) and
experimental temperature measurements for Crcarc test 50 at thermocouple 4,
which is located 10.2 cm above the bottom of the cold leg, on the centcr-
lfne, and 12.0 cm from the juncture wlt$ the downcomcr.
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Fig. 10. A comparison of calculated (the line with the datum points) and
cxpcrimcntal temperature measurenwnts for Crearc test 50 at thermocouple 5,
which Is located 13.2 cm above the bottom of the cold leg, on the center-
llnc, and 12,0 cm from the juncture with the ciowncomer.
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Fig. 11, A comparison of calculated (the line with the datum points) and
experimental temperature measurcl~:ts for Creare test 50 at thermocouple 7,
which is located on the vesse: wall, 10.1 cm below the bottom of the cold
leg, on the cold leg centerline. Note that both the calculation and the
experiment show an initial temperature drop, followed by a temperature in-
crease, and then a gradual thermal decline.
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Fig. 12. A comparison of calculated (th~ line with the datum points) and
experiment~l temperature measurements for Creare Wst 5LIat thermocouple 8,
which is located on the core barrel wall 12.7 cm below the bottom of the
cold leg, on the cold leg centerline. Unlike thermocouple 7, there is no
temperature increase following the initial temperature drop.
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Fig. 13. The calculated temperature in a fluld cell adjacent to a vrssel
weld 98.3 cm below the bottom of an intact cold leg and offset 13.5 cm from
the cold leg centerline as shown in the inset. This calculation used flow
rates and fluid temperatures ~tovided by a TRAC calculation of a postulated
main steamllne break accident in the Calvnrt Clift: 1 plant.
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Fig. 14. The calculated temperature in a fluid cell adjacent to a vessel
weld 98.3 cm below the bottom of an Intact cold leg and on the cold leg
centerline as shotinIn the inset. This calculation used flow rates and
fluid temperatures provided by a TRAC calculation of a postulated main
steamli”e break accident in thi Calvert Cliffs i plant.
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Fig. 15, The calculated temperature In a fluid cell adjacent to a vessel
weld 99.3 cm below the bottom of an Intact cold leg and offset 13.5 cm from
the cold lcg centerline as shown In the Inset. This calculation used flow
rates and fluld temperatures provided by a TRAC calculation of a postulated
main stcamllnc break accident In the Calvcrt Cllffs 1 plant.
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Fig. 16. A vcloclty ~.’ectorplot In a horizontal plane through the top of
the cold leg at an early time in a calculation that Included a 180” down-
comcr segment of the Calvcrt Cliffs 1 plant. Only the Intact loop cold lcq
flow 1s resolved In this calculation, The fluld In the broken loop c~ld
lcg 1s assumed to be thoroughly mixed and Is injected dlrcctly Into the
downcmner as shown In the lower left of the flgurc.


